Background and objectives: Our aim was to evaluate the growth-promoting effect of growth hormone (GH) treatment in infants with chronic renal failure (CRF) and persistent growth retardation despite adequate nutritional and metabolic management.
G rowth retardation is still an important manifestation of pediatric chronic renal failure (CRF). The North American Pediatric Renal Trials and Collaborative Studies (NAPRTCS) 2008 annual report showed that the mean height of 7037 pediatric patients with CRF was Ϫ1.44 SD score (SDS) at the moment of study entry, with Ͼ35% of patients being less than the third percentile for height (1) . Although growth impairment in CRF is of multifactorial origin, low caloric intake and resistance to growth hormone (GH) are major pathogenic factors (2, 3) .
Patients with advanced CRF have anorexia, and it is generally agreed that growth in the infantile period is mostly dependent on nutrition (4) . Thus, aggressive nutritional management is recommended for infants who have CRF to achieve normal growth and development (5) . Kari et al. (6) reported good growth and even catch-up growth in infants who had CRF and received forced-feeding. Parekh et al. (7) reported that nutri-tional support with sodium and water supplementation can maintain or improve the growth of children with polyuric, salt-wasting CRF. Although acknowledging the need for optimal nutritional management, some studies indicated that height deficit frequently cannot be overcome despite aggressive supplemental feeding (8 -10) .
This study was undertaken to determine whether longitudinal growth remains unsatisfactory in some well-nourished infants with CRF and whether therapy with GH could improve growth retardation in this specific group of patients. This study was also designed to provide information on nutritional biochemical indices and bone mass in these infants.
Materials and Methods

Patients
The study population met the following inclusion criteria: (1) Chronological age 12 Ϯ 3 months; (2) GFR Յ60 ml/min per 1.73 m 2 , as calculated by the Schwartz formula (11); (3) length below Ϫ2 SDS for the same chronological age and growth velocity below the 50th percentile (12) ; (4) conservative treatment or long-term peritoneal dialysis; (5) euthyroid status; and (6) nutritional intake, assessed by dietary records, providing a daily amount of at least 80% of recommended dietary allowances for calories and 10% of calories from high biologic value proteins. Each hospital's dietetics and nutrition department was involved in the care and follow-up of these patients, and, following their indications and close supervision, energy supplements and enteral feeds were used when necessary. Exclusion criteria were hormonal, neurologic, osseous, genetic, or nephrologic conditions, other than CRF, that are known to interfere adversely with growth, as well as suspected allergy to the trial product or treatment with corticosteroids and inadequate metabolic control of CRF as shown by severe hyperparathyroidism, sustained metabolic acidosis, or sodium or water deficits. Sixteen patients (13 boys) from eight centers in Spain and Portugal were enrolled in the study. Sample size was based on the achievement of a statistically significant difference in the increase of growth rate between the two study groups of at least 4.8 cm/yr (SD 2.6 cm/yr) (10) with an error ␣ Ͻ 0.05 and an error ␤ Ͻ 0.15 (power 85%). Patients were randomly classified into two groups of eight patients each: Untreated and treated with GH. One patient from each group was withdrawn from the study because of poor clinical and metabolic control. Causes of CRF were renal dysplasia/hypoplasia (11 cases), obstructive uropathy (three cases), hemolytic uremic syndrome (one case), and acute tubular necrosis (one case). Two patients and one patients in the untreated and GH treated groups, respectively, were on long-term peritoneal dialysis. Forced feeding by nasogastric tube or gastrostomy was used for seven infants; four were assigned to the GH treated group, and three were assigned to the untreated group.
Study Design
This was a multicenter, prospective, controlled, randomized, open clinical trial. Patients were stratified according to their gestational age (Յ or Ͼ37 weeks) and modality of CRF treatment (conservative or dialysis) and randomly assigned in a 1:1 distribution between groups. The process of randomization was centralized at Novo Nordisk A/S (Bagsvaerd, Denmark).
Treatment
GH (Norditropin SimpleXx; Novo Nordisk A/S) at 0.33 mg/kg per wk was injected daily at bedtime by subcutaneous route for 12 months.
Efficacy of treatment was assessed by the evolution of the length SDS and growth velocity SDS. Safety was assessed by the effects of treatment on bone maturation, blood count, kidney function, glycosylated hemoglobin (HbA 1c ), insulin and glucose levels, intact parathyroid hormone concentrations, thyroid function, and the incidence of adverse reactions. Vials accountability and changes in serum IGF-I and IGFbinding protein 3 (IGFBP-3) levels were used as indicators of GH treatment compliance. The influence of GH on other hormonal and nutritional parameters was assessed by measurement of the serum concentrations of IGFBP-1 and -2, GH-binding protein (GHBP), leptin, and ghrelin. The potential effects of GH therapy on bone mass were also estimated.
Auxologic Data
The following parameters were measured: Every 3 months (visits 0, 3, 6, 9, and 12 months), medical history and physical exploration including BP, body length, body weight, head circumference, brachial perimeter, forearm length, and serum hematology and biochemistry; every 6 months (visits 0, 6, and 12 months), HbA 1c and serum ferritin; and every 12 months (visits 0 and 12 months), fasting insulin, thyroidstimulating hormone, free T4, bone age, and bone mass.
Auxologic data were normalized according to age and gender for the Spanish population (12) . Bone maturation advance was assessed by the bone age-chronological age ratio.
Variable Measurements
All analytical determinations were performed in the laboratory of each participating center by automated procedures, except for total and free IGF-I, IGF-II, IGFBP-1, IGFBP-2, IGFBP-3, GHBP, leptin, and ghrelin, which were centralized in the Pediatric Endocrinology laboratory of the Hospital Infantil Universitario Niñ o Jesú s (Madrid, Spain) and expressed in SDS by using reference values for healthy Spanish children (13, 14) . Bone age measured by using an x-ray of the left ankle (15) was centralized in the same hospital and performed by two investigators who were blinded for the study. Measurement of bone mass in the radius by dual-energy x-ray absorptiometry (QRD-4500W; Hologic, Waltham, MA) was centralized in the Mineral and Bone Metabolism Department of the Hospital Universitario Central de Asturias (Oviedo, Spain) and performed by one investigator (C.G.), who was blinded to the patients' assignment.
Total IGF-I and IGF-II levels were determined by RIA (Nichols Laboratories, Los Angeles, CA; and Endocrine Sciences, Calabasas Hill, CA, respectively) after acid-ethanol extraction of serum. IGFBP-3 levels were measured by RIA (Nichols Laboratories). Intra-and interassay coefficients of variation were 4.9, 1.8, and 3.6% and 8.9, 10.6, and 6.1% for IGF-I, IGF-II and IGFBP-3, respectively. IGFBP-1 was determined by ELISA (Medix Biochemica, Kauniainen, Finland). Intra-and interassay coefficients of variation were 4.6 and 9.8% for IGFBP-1. GHBP was determined by a monoclonal assay (13) . Intra-and interassay coefficients of variation were 5.6 and 9.5%. Leptin and ghrelin levels were measured as previously reported (13) . IGFBP-2 and free IGF-I were measured by RIA (Diagnostic Systems Laboratories, Webster, TX). Intra-and interassay variation coefficients were 5.7 and 7.2% for IGFBP-2 and 6.2 and 7.3% for free IGF-I.
Statistical Analysis
Unless otherwise specified, quantitative variables are given as mean Ϯ SEM. The Kolmogorov-Smirnov test was used to check for normality in the continuous variables. Baseline quantitative variables were compared for homogeneity using a t test for independent groups (normal distribution) or by a Mann-Whitney U test (nonparametric distribution). Categorical variables were compared by the Fisher exact test or the 2 test. Efficacy variables were analyzed by ANOVA with the treatment group as the main factor. All post hoc comparisons were performed using t tests with Bonferroni adjustment. ANOVA with repeated measures was performed to compare results from the various study visits; the cumulative gain in height and weight SDS was also compared by analysis of covariance. A two-sided ␣ error of 5% was considered for all comparison analyses. The study agreed with the Declaration of Helsinki and was approved by the ethics committee of clinical investigation of each participating center. The Health Ministries of Spain and Portugal approved the protocol and the informed consent form, which was signed by the infants' parents or guardians.
Results
Baseline Characteristics
There were no baseline differences between the two groups of patients (Tables 1 and 2 ). Both groups had a similar degree of growth retardation and renal function reduction. Head and brachial circumferences and forearm length were also similar. Serum albumin concentrations were normal in both groups, although they were significantly (P Ͻ 0.05) higher in the untreated group (44.5 Ϯ 1.5 versus 38.3 Ϯ 2.4 g/L).
Growth
Body length SDS increased throughout the study in the GHtreated group only ( Figure 1A ). After 12 months, the GHtreated group gained 14.5 Ϯ 1.2 cm and 1.4 Ϯ 0.3 SDS versus 9.5 Ϯ 1.1 cm and Ϫ0.1 Ϯ 0.3 SDS in the untreated group (P ϭ 0.024 and P ϭ 0.031, respectively). Length SDS became different between the two groups from the 6-month follow-up onward ( Figure 1A) . Similarly, weight SDS of GH-treated patients became greater than that of untreated infants from the 9-month follow-up visit onward ( Figure 1B ). Head circumference increased in both groups, from 44.9 Ϯ 0.8 to 47.8 Ϯ 0.6 cm (P Ͻ 0.001) in the GH-treated group and from 45.3 Ϯ 0.8 to 47.5 Ϯ 0.6 cm (P Ͻ 0.001) in the untreated group, without significant differences between groups. There was no significant increment and no differences for brachial circumference and forearm length.
Bone Mass
Bone area, bone mineral content, and bone mineral density increased from the 6-month visit onward in the GH-treated group (Figure 2 ). In the untreated group, bone mineral content and bone mineral density became higher than baseline at the 6-month visit, but the difference did not persist at the 12-month visit. There were no significant differences between groups at any study visit.
Hormonal Determinations
Total IGF-I SDS increased significantly after 3 months of GH treatment (from Ϫ0.85 Ϯ 0.13 to Ϫ0.22 Ϯ 0.12; P Ͻ 0.05) and remained so throughout the study (Ϫ0.08 Ϯ 0.16, 0.20 Ϯ 0.24, and 0.14 Ϯ 0.38 at months 6, 9, and 12, respectively), whereas it did not change in the untreated group (Ϫ0.75 Ϯ 0. There were no differences in SDS IGFBP-1 between both groups in basal and final visits; however, at months 3, 6, and 9 of the study, levels were significantly higher in the control group. No consistent variations throughout the study or differences between the groups were found for serum IGF-II, IGFBP-2, GHBP, ghrelin, or leptin (data not shown).
Safety
Bone age advanced similarly in both groups throughout the study: 0.98 Ϯ 0.10 and 0.98 Ϯ 0.12 years in GH-treated and untreated infants, respectively (Figure 4 ). Basal and final bone ages and bone age-chronological age ratios were not different between groups. Data are means Ϯ SEM. There were no statistically significant differences between groups for any of the analyzed variables.
BP, hemoglobin, leukocyte and platelet counts, serum concentrations of sodium, bicarbonate, total proteins, albumin, transaminases, fasting glucose, HbA 1c , insulin, T4, thyroidstimulating hormone, ferritin, cholesterol, and triglycerides remained within the normal range throughout the study without differences between groups. Serum concentrations of calcium, phosphate, 25-hydroxyvitamin D, 1,25-dihydroxyvitamin D, and parathyroid hormone were similar in both groups and did not change throughout the study.
There were 29 adverse events, nine in the GH-treated group and 20 in the untreated group (P ϭ 0.065). None was considered to have a possible relationship to the study drug. Adverse events that were considered to be mild or moderate were acute respiratory infection, acute media otitis, chickenpox, megaloerythema, abdominal pain, and acute gastroenteritis. There were six serious adverse events in the GH-treated group and five in the untreated group; in both groups, urinary tract infections and surgical procedures and one case of peritonitis in the control group. These serious adverse events caused a total of 43 and 29 days of hospitalization in the GH and control groups, respectively.
Discussion
This study shows that some infants with CRF do not grow well despite being well-nourished and having an adequate control of factors that are known to impair growth, such as anemia, metabolic acidosis, severe renal osteodystrophy, and water and salt deficiencies. This finding does not contradict former reports (6, 7, 16) indicating that optimization of nutrition in infants with CRF accelerates longitudinal growth velocity in these patients when considered as a group and even normalizes body length in some of them; however, the data presented here clearly show that a positive growth response to forced feeding does not always occur, and some infants with CRF and good nutritional and metabolic control continue to have growth retardation. Our study indicates that the majority of infants with CRF are able to exhibit adequate growth or catch-up growth with strict and careful nutritional support, an observation supported by the fact that many pediatric hospitals were needed just to fulfill the number of patients required in the trial.
In this particular group of patients, administration of GH for 1 year markedly improved longitudinal growth so that body length SDS significantly increased with respect to baseline val- Data are means Ϯ SEM. There were no statistically significant differences between groups for any of the analyzed variables. BUN, blood urea nitrogen; PTH, parathyroid hormone. ues and to that of the untreated group. Length and weight SDS and other nutritional indexes did not change in the group of children who were not treated with GH, indicating that the nutritional management precluded the aggravation of growth failure. In concordance with former studies of older children (17, 18) , the growth-promoting effect of GH was not associated with exaggerated advancement of bone maturation, worsening of renal function, more difficult metabolic control, or higher incidence of adverse effects. A retrospective study recently showed improvement of height SDS in a group of infants who had CRF and were treated with 0.35 mg/kg per wk GH for 2 years (19) .
Somatotropin is approved for the treatment of growth failure in children with CRF in United States, Europe, Japan, and Australia, although use of GH in this population remains low (1, 18) . Some practitioners and families are reluctant to initiate GH therapy in infants, and even in some countries, such as Spain, Portugal, and France, legal regulations preclude GH treatment in patients who have CRF and are younger than 2 years. Our study supports early treatment with GH in infants who have CRF and continue to have growth retardation after achieving good clinical, metabolic, and nutritional control. GH can be safely administered and improve growth retardation in a period of life when growth velocity is extremely high in normal conditions, and the change in height of children with CRF follows a typical pattern that aggravates growth deficit (20) .
Baseline concentrations of circulating IGF-I within the normal range in the two groups of patients reflect the adequate (21), although not specifically in infants. Circulating levels of insulin keep an inverse relationship with those of IGFBP-1 and IGFBP-2 in children with nutritional disorders (22, 23) . Thus, the association of high concentrations of IGFBP-1 and IGFBP-2 with normal values of serum insulin suggests that the status of insulin resistance reported in children with CRF (24, 25) is present in well-nourished infants with CRF and is not modified by GH therapy.
Both groups of infants with CRF had hyperleptinemia and normal serum concentrations of ghrelin. Former studies found high serum leptin and a negative but weak correlation between energy intake and serum leptin concentrations in children in various stages of CRF (26, 27) . Other studies did not demonstrate high serum leptin values in children with CRF (28) . Little is known about the circulating concentrations of ghrelin in pediatric patients with CRF. Normal (29) and elevated (28, 30, 31) plasma total ghrelin values have been found in small series of children who had CRF and were on long-term dialysis. The interrelation among leptin, ghrelin, and the control of appetite in individuals with CRF is still unclear. Ghrelin is orexigenic, but measurement of total ghrelin includes nonacylated and acylated (active) ghrelin. It is not the plasma level of the acylated, active form of ghrelin that is increased in uremia but instead the level of nonacylated ghrelin (32) . High plasma levels of nonacylated ghrelin inhibit appetite in mice (33) . Thus, accumulation of nonacylated ghrelin and leptin might be pathogenic factors of the anorexia of CRF. On the contrary, elevation of the circulating concentrations of these peptides might be an epiphenomenon that results from the reduced GFR. In our study, mean leptin and ghrelin values remained steady over time and did not change during GH therapy. Patel et al. (34) reported that GH treatment did not modify serum leptin levels in 11 prepubertal children with CRF. Our study confirms these results and shows for the first time that circulating values of ghrelin are not influenced by GH therapy in children with CRF. In agreement with the lack of effect of GH administration on the levels of leptin and ghrelin, experimental studies have shown that exogenous GH accelerates growth rate in individuals with CRF but does not modify appetite (35, 36) . Data on bone composition in infants with CRF and the effect of GH are not available in the literature. In small series of older prepubertal children with CRF, bone mineral density of lumbar spine increased (37) or remained unchanged (38) with GH therapy. In our study, the growth-promoting effect of GH was initially accompanied by an increase in bone area and bone mineral content that reflected the stimulus of GH on longitudinal growth. After 12 months of treatment, a 39% improvement of radius mineral density in comparison with baseline values in the GH-treated group indicated a beneficial effect of GH on bone mineralization.
Conclusions
This study shows that a minority of infants with CRF do not grow well despite good nutrition and adequate metabolic and clinical control. These patients respond to GH treatment with a significant improvement in body length without adverse effects. In this particular group of infants, GH treatment should be initiated.
